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The realization of metamaterials or metasurfaces with simultaneous electric and
magnetic response and low loss is generally very challenging at optical frequencies.
Traditional approaches using nano-resonators made of noble metals, while suitable
for the microwave and terahertz regimes, fail at frequencies above the near-infrared,
due to prohibitive high dissipative losses and the breakdown of scaling resulting from
1
the electron mass contribution (kinetic inductance) to the effective reactance of these
plasmonic meta-atoms. The alternative route based on Mie resonances of high-index
dielectric particles normally leads to structure sizes that tend to break the effective-
medium approximation. Here, we propose a sub-wavelength dark-state-based metasur-
face, which enables configurable simultaneous electric and magnetic responses with low
loss. Proof-of-concept metasurface samples, specifically designed around telecommuni-
cation wavelengths (i.e., λ ∼ 1.5µm), were fabricated and investigated experimentally
to validate our theoretical concept. Because the electromagnetic field energy is localized
and stored predominantly inside a dark resonant dielectric bound state, the proposed
metasurfaces can overcome the loss issue associated with plasmonic resonators made
of noble metals and enable scaling to very high operation frequency without suffer-
ing from saturation of the resonance frequency due to the kinetic inductance of the
electrons.
Keywords
metamaterials, metasurfaces, dark state, dielectric resonator, optical magnetic response,
simultaneous electric and magnetic response
Metasurfaces, the two-dimensional form of metamaterials, constitute a good approxi-
mation of artificial electromagnetic current sheets, capable of tailoring the wavefronts of
electromagnetic (EM) radition for a plethora of applications.1–3 Traditionally, metasurfaces
have been constructed using sub-wavelength plasmonic nano-resonators (meta-atoms) made
from highly conductive Drude metals such as the noble metals silver and gold.4–14 However,
this approach becomes increasingly challenging at operating wavelengths shorter than the
near-infrared (NIR). Prominent dissipative loss in the noble metals at optical frequencies,
especially those associated with the onset of inter-band transitions, lead to strongly damped
and broadened resonances. Additionally, the increasingly dominant electron mass contri-
bution to the reactive part of the dielectric function of the constitutive noble metals (also
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known as kinetic inductance) becomes comparable to the geometric reactance associated
with the geometric shape of the nano resonators, which, at lower frequencies, completely
controlled the meta-atom response. This results in reduced coupling strength in the electric
and magnetic response functions of the resonators and breaks the scaling of the resonance
frequencies with the inverse linear size of the meta-atoms, saturating at or below optical
frequencies.15 As an alternative, it has been proposed to adopt radiative Mie resonances of
dielectric particles for the manipulation of EM waves, leading to the development of what is
known as dielectric metamaterials and metasurfaces.16–25 For example, Moitra et al. demon-
strated simultaneous electric and magnetic response from Mie resonances in all-dielectric
rods at the Dirac point, but the size of these meta-atoms is only marginally smaller than the
wavelength of incidence. This causes problems for homogenization and achieving effective
medium response of the metamaterial, leading to a significant amount of discrete scattering
in addition to the specular response.26 In this paper, we propose to construct metasurfaces
that possess configurable electric and magnetic resonant responses, possibly simultaneously,
derived from dark states in thin dielectric slabs, which approximate dark resonant surface
states.27–29 Unlike Mie resonances of discrete dielectric particles, these dark surface states
have no cut-off frequency. Therefore, in principle, the functional layer can be made arbitrarily
thin, which implies the obvious advantage of the structure being capable of achieving deeply
sub-wavelength operation as a metasurface. On the other hand, the excitation of a dark
dielectric surface state, which lacks radiative damping, implies that the majority of the EM
energy will be stored inside of dielectric constituents, leading to the desirable high-quality-
factor (high-Q) resonant response. The actual electric, magnetic, or simultaneous response
derived from the dark state can then be controlled by appropriate non-resonant scatterers
decorating the surface(s) of the thin dielectric slab.28,30,31 We designed and fabricated proof-
of-concept structures with operation wavelengths chosen around 1.5µm (telecommunication
wavelength). We then experimentally measured the reflection and transmission spectra of
the samples, which were analyzed in comparison to numerical simulations to validate our
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theoretical approach.
Building on our previous work at microwave frequencies28 and for didactic purposes, we
will develop the recipe for constructing a dark-state-based meta-surface with simultaneous
electric and magnetic response in three steps: First, we design a dark state electric metasur-
face implementing meta-atoms with resonant electric response, followed by modification of
the non-resonant scatterers to create meta-atoms with magnetic response from the same dark
surface state. Finally, and then quite straightforwardly, we combine both the electric and
magnetic units together, subject to some tuning of the geometries to achieve spectral overlap
of the electric and magnetic responses, forming the desired electromagnetic metasurface.
Figure 1(a) shows the schematic of the electrically resonant unit, which in fact can be
viewed as a metal-capped silicon (Si) slab, interrupted by a central metal inclusion. Gen-
erally, for a continuous homogeneous dielectric slab under normal incidence, all the guided
modes are continuous and do not couple to the incident wave, i.e., form a continuum of dark
bound states. The introduction of the “side” metal bars (of width W1), which truncate the
Si slab as shown in Fig. 1(a), breaks the translation invariance along the surface and causes
quantization of the dark guided modes of the slab into discrete dark resonant states. For the
discussions here, we select the quantized TE2,0 mode, which forms a sine-like mode profile
as illustrates in Fig. 1(b), as the working point of operation. Placing the central metal bar
(of width W2) slightly off-center further reduces the symmetry of the mode and renders the
previously dark bound state slightly radiative, with a coupling electric moment given by
the difference of the positive and negative lobes (red and blue in Fig.1(b)) of the dielectric
polarization of the mode profile. This residual electric dipole forms the electric meta-atom
and leads to a resonant response in the electric surface conductivity of the metasurface; the
strength of which can be controlled by the ratio X1/X2 while the resonance frequency is
given by the original discrete dark state and mainly depends on the overall length of the
unit (X1 + X2 + 2W1 + W2). Specifically, the chosen design parameters are: the widths of











































Figure 1: Dark-state-based electric resonator: (a) Schematic of the designed unit at x-y
cross-section, where X1 = 260 nm, X2 = 280 nm, W2 = 2W1 = 50 nm, and t1 = 87 nm. (b)
Field distribution of Ez on resonance of TE2,0 mode. The incident wave propagates along y-
axis with the electric field polarized along z-axis. (c) Calculated frequency-dependent electric
moment pz (Blue, left axis) and magnetic moment mx (Red, right axis) under an incident
power density of 1 W/m per unit cell (≈ 1.56 W/mm2). Note that due to the translation
invariance of the structure, all moments and power densities are given per unit length in
z-direction.
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bars W1 = 25 nm (W2 = 2W1 = 50 nm), and the thickness of the slab t1 = 87 nm. Fig-
ure 1(b) shows the z-component of the electric field (Ez, out of the plane) at the resonance
frequency of 213 THz. The antiparallel fields in the left and right part of the Si slab clearly
indicate the excitation of the TE2,0 mode as designed. In Fig. 1(c), we present the calculated
frequency-dependent electric (pz) and magnetic moment (mx), respectively. The electric and
magnetic moments are defined by volume integrals over the unit cell, ~p =
∫
u.c.





~r ×~j(r) d3r, respectively, where ~j = (−iω)~P is the total electric current density
and ~P = ~D − εo ~E is the electric polarization density derived from the simulated electric
and displacement fields. A sharp spectral feature exists in the spectrum of pz, indicating a
strong electric resonance of the meta-atom, while the flat mx spectrum shows that there is no
magnetic resonant response at all. It should be emphasized that in the design of the electric
meta-atom, the (slight) asymmetry, X1 6= X2, is essential as otherwise the TE2,0 mode would
not radiate.
For the dark-state-based magnetic meta-atom, we propose a design shown schematically
Fig. 2(a). This can be viewed as the metal-bar-capped Si slab discussed above, but now
decorated with diagonally placed excess of Si forming the non-resonant scatterers on the front
and back faces of the slab. Again, we select the TE2,0 mode as the point of operation. Figure
2(b) shows a typical on-resonance Ez distribution under normal incidence with the electric
field polarized along the z-axis. The chosen dimensions of Si slab’s width and thickness are
X3 = 580 nm and t2 = 55 nm, respectively, the side metal bars width W3 = 50 nm, and
thickness of diagonal excess Si scatterers t3 = 30 nm. As before, the bound states of the
slab are quantized by the metal caps (of width W3) to form a discrete resonant dark state;
However, this time, we preserve the (anti-)symmetry of the mode parallel to the slab while
breaking it perpendicular to it. The former causes the residual electric moment to vanish,
while the latter leads to offset polarization currents in the excess silicon on the front and
back faces of the slab, which give rise to a resonant magnetic moment in x-direction, parallel











































Figure 2: Dark-state-based magnetic resonator: (a) Schematic of the designed unit at x-y
cross-section, where W3 = 50 nm, X3 = 580 nm, t2 = 55 nm, t3 = 30 nm. (b) Field
distribution of Ez on resonance of TE2,0 mode. The incident wave propagates along y-axis
with the electric field polarized along z-axis. (c) Calculated frequency-dependent electric
moment pz (Blue, left axis) and magnetic moment mx (Red, right axis) under an incident
power density of 1 W/m per unit cell (≈ 1.47 W/mm2). Note that due to the translation
invariance of the structure, all moments and power densities are given per unit length in
z-direction.
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would vanish. In contrast to the electric meta-atom, where the dark TE2,0 mode is weakly
coupled to the electric component of the incident field by the residual electric dipole moment
of the dressed dark mode, here, the analog holds true for the magnetic component of the
incident field via the residual magnetic moment. We can see from Fig. 2(b), the total
electric moment of the meta-atom vanishes for this design, while due to the diagonally
placed scatterers, the anti-parallel polarization currents induced in the scatterers forms a
current loop, slightly tilted with respect to the x-z plane, generating a magnetic moment
along the x-direction. Therefore, the metasurface should possess a resonant response in the
magnetic sheet-conductivity. The corresponding calculated spectra of pz and mx presented
in Fig. 2(c) confirm this analyses: The sharp peak at around 210 THz in the mx spectrum
clearly indicates a strong magnetic response, while the pz spectrum does not shown any
resonance feature. Therefore, this meta-atom gives purely a magnetic response derived from
the same resonant dark-state.
Combining the operating principles of the dark-state-based electric and magnetic res-
onators presented above, we can now propose a design as shown in Fig. 3(a), which is
capable of providing electric and magnetic responses simultaneously. The overall structure
can still be viewed as a combination of two dielectric slabs of different widths (denoted by
their width X5 and X4, respectively) capped with metal bars on both sides, responsible
for the implementation of the dark resonant state. The discrete resonant states of the two
slabs hybridize into two quasi-dark states; the mode profile shape can be tuned and their
resonance frequencies approximately matched by adjusting the geometric parameters of the
design. The electric resonance is derived from the hybrid mode distributed roughly anti-
symmetrically around the central metal inclusion W5. As before, for the metal inclusion W5
exactly placed in the middle and the additional dielectric on the faces of the slab omitted
(t5 = 0), this mode would be dark. Breaking the symmetry of the mode simultaneously by
virtue of the added dielectric (t5 > 0) and the off-center position of the metal inclusion W5,
the mode acquires a residual electric dipole moment which gives rise to the electric resonant
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response of the hybrid meta-atom. Similarly, the excess dielectric material placed diagonally
on the faces of the slab X4 generates a residual magnetic dipole moment for the hybrid dark
mode centered along X4, which is responsible for the magnetic resonant response.
Figures 3(b) and (c) show the typical field distribution of Ez at the excited electric
and magnetic resonance, respectively, for normal incident excitation as used before. In
Fig. 3(b), we recognize the unbalanced asymmetric distribution of the dielectric polarization
along the x-axis giving rise to the residual electric moment and resonant electric response of
the metasurface, while the distribution perpendicular to the slab around the diagonal excess
dielectric is symmetric, therefore, eliminating any magnetic response. On the other hand, for
the mode shown in Fig. 3(c), we clearly recognize an approximate local TE2,0 mode across X4
with polarization current distribution which is anti-symmetric in the direction perpendicular
to the slab, rendering a magnetic moment in x-direction. In this case, the residual electric
dipole moment vanishes due to the approximate symmetry of the polarization distribution
along the slab. Due to some radiative loss induced by overlapping with the electric moment,
such a hybrid mode has a lower quality factor compared to the purely magnetic response
shown in Fig.2(b). We can control the electric and magnetic resonances relative to one
another by varying the slab widths X5 and/or X4. Figure 3(d) shows the calculated spectra
of the electric moment pz and the magnetic moment mx of the metasurface for three different
cases corresponding to the width X5 = 230 nm, 260 nm, and 290 nm, respectively, while
other geometric parameters of the structure are kept the same, i.e., X4 = 520 nm, the slab
thickness t4 = 55 nm, the thickness of scatterers t5 = 30 nm, and the thickness of metal
bars W5 = 2W4 = 50 nm. We then see in Fig. 3(d) that the electric response shows a red
shift upon the increase of X5, i.e., first it occurs at a frequency above the magnetic response
when X5 = 230 nm, then overlaps with the magnetic response for X5 = 260 nm, and then
further shifts toward the low frequency side, gradually away from the magnetic response.
To experimentally validate our theoretical proposals introduced above, we fabricated




























Figure 3: Dark-state-based metasurface unit exhibiting electric and magnetic responses si-
multaneously: (a) Schematic of the designed unit at x-y cross-section, where X4 = 520 nm,
W5 = 2W4 = 50 nm, t4 = 55 nm, t5 = 30 nm. (b) and (c) are the field distribution of Ez at
the electric and magnetic resonance, respectively. The incident wave propagates along y-axis
with the electric field polarized along z-axis. (d) Calculated frequency-dependent electric
moment pz (Blue, left axis) and magnetic moment mx (Red, right axis) under an incident
power density of 1 W/m per unit cell for three different cases with X5 = 230, 260 and 290
nm, respectively. Note that due to the translation invariance of the structure, all moments












Figure 4: Experimental demonstration to the fabricated dark-state-based electric resonator
sample: (a) SEM image of the sample in the top view (x-z plane). (b) Schematic of the
modified structure according to the fabrication. (c) Retrieved surface electric conductivity
σe. (d) The measured (solid) reflection (blue) and transmission (green) spectra in comparison
to the simulations (dotted).
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magnetic response, and simultaneous electric and magnetic response, respectively. Detailed
information about the fabrication procedure is provided in the Supporting Information. We
then experimentally measured the NIR scattering properties of the resulting metasurfaces,
specifically reflectance and transmittance for normal incidence, and compared with simu-
lated numerical models of the fabricated geometries. Figure 4(a) shows a scanning electron
microscope (SEM) image looking down on the fabricated dark-state-based electric-resonator
metasurface. The bright strips are metal and the dark background corresponds to the Si
slab. In the fabricated samples, for technical reasons, the metal bars do not completely
penetrate the thickness of the Si slab and the whole metasurface structure is supported
by a thick glass substrate. Neither modification affects the principle of operation of the
metasurface and is taken into account in the corresponding numerical model. The actual
geometric parameters of the fabricated samples have been extracted from SEM imaging and
from focused-ion-beam (FIB) cross-sections and used to modify the theoretical geometry in
the numerical simulations. The resulting schematic view is shown in Fig. 4(b). In the simu-
lations, we used experimentally obtained materials data for dielectric (Si) and metal (Ti/Au)
derived from spectral ellipsometry measurements of continuous thin films (see Supporting
Information). For the appropriately modified theoretical structure, we numerically simulated
and retrieved the effective electric surface conductivity σe of the metasurface presented in
Fig. 4(c), which shows a strong electric resonance feature at around 215 THz. Figure 4(d)
presents the simulated (dotted curves) and experimentally measured (solid curves) reflection
(blue) and transmission (green) spectra, respectively. The overall agreement between the
simulation and measurement is good, confirming the expected electric resonance feature of
the purely electric-response metasurface. The increased damping of the resonance that is
observed in the experiment can be attributed to imperfections in the fabricated sample.
Following our design introduced in Fig. 2(a), we then moved on to fabricate samples
of the corresponding purely magnetic-response metasurface. A detailed descriptions of the















Figure 5: Experimental demonstration to the fabricated dark-state-based magnetic resonator
sample: (a)Top and (b) perspective view of the sample imaged in SEM. (c) Schematic of the
modified structure according to the fabrication. (d) Retrieved surface magnetic conductivity
σm. (e) The measured (solid) reflection (green) and transmission (blue) spectra in comparison
to the simulations (dotted).
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SEM images of the top and perspective view of the resulting sample, respectively. We found
the fabricated structure is indeed of fairly good quality, with the metallic strips completely
filling the trenches inside the dielectric. To provide a fair comparison to the experimental
measurements, we adjusted the geometry in our simulations according to the measured ge-
ometric parameters of the real sample, as shown schematically in Fig. 5(c). Applying the
sheet retrieval method to the numerically simulated scattering data of the modified struc-
ture, we extracted the spectrum of magnetic surface conductivity σm shown in Fig. 5(d).
The feature at around 200 THz reveals the existence of a strong magnetic resonance. In
Fig. 5(e), we show the experimentally measured (solid curves) and the numerically simu-
lated (dotted curves) reflection (green) and transmission (blue) spectra, respectively. The
fabricated and experimentally measured sample successfully reproduces the expected reso-
nant features of the theoretical purely magnetic-response metasurface as predicted by the
simulations. Though there are some discrepancies as to the strength and quality-factor of
the observed resonance, we believe this should be attributed to fabrication imperfections
causing additional damping of the resonances in the experimental sample.
Finally, we fabricated a metasurface sample expected to provide simultaneous resonant
electric and magnetic response, corresponding to the design introduced in Fig. 3(a). As
before, the detailed description of the fabrication procedure is provided in the Supporting
Information. SEM images of the fabricated sample are presented in Figs. 6(a) and (b),
showing the top view and a perspective view, respectively. Owing to the significantly more
challenging fabrication process required by the relatively complex structure compared to the
purely electric or magnetic cases discussed above, we notice the occurrence of some obvious
imperfections in the fabricated sample. Extracting geometric data from various FIB cross
sections for the detailed internal structure of the sample, we adjusted the geometry in our
numerical simulations accordingly. Figure 6(c) provides the schematic (cross-section view
in the x-y plane) of the modified structure with all the dimensions marked. Using the
















Figure 6: Experimental demonstration to the fabricated sample exhibiting electric and mag-
netic responses simultaneously: (a) Top and (b) perspective view of the sample imaged in
SEM. (c) Schematic of the modified structure according to the fabrication. (d) are the re-
trieved surface electric σe and magnetic conductivity σm, respectively. (e) The measured
(solid) reflection (blue) and transmission (green) spectra in comparison to the simulations
(dotted).
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electric surface conductivity σe and magnetic surface conductivity σm of the metasurface,
which are shown in Fig. 6(d). The sharp features in σe and σm clearly indicate the excitation
of both the electric and magnetic resonances. The experimentally measured reflectance and
transmittance of the sample shown in Fig. 6(e) indeed indicates a transmission window just
above 200 THz, even though the overall agreement between measurements and simulations
in this case is not nearly as good as for the previous two samples. As before, we see much
stronger than theoretically expected damping, which broadens the resonant features, mainly
attributed to the obvious defects in this specific sample as shown in Figs. 6(a) and (b).
In this paper we report the initial attempt to fabricate and experimentally characterize
a proof-of-concept implementation that demonstrates the concept of sub-wavelength dark-
state-based metasurfaces, operating at optical frequencies; further refinements in fabrication
will lead to improved performance. Despite the obvious need for improvements in the fabri-
cation process in order to obtain better quality samples, from a theoretical perspective, we
can see that our proposed dark-state-based metasurface designs still would exhibit a much
higher Q value (∼100) compared to that of conventional plasmonic meta-atoms (normally
∼10). In addition, our designs have the advantage of truly being deeply sub-wavelength in
the wave propagation direction, i.e., the thickness of the optical metasurface is only about
λ/13, with the capability of tuning both the electric and magnetic response for various
potential applications. All three fabricated metasurfaces are designed for operation at close-
to-normal incidence, which allows for larger unit cell dimension in directions parallel to the
metasurface. Effective medium behavior is then limited by the first diffraction order be-
coming propagating and contributing to the scattered far-field. For normal incidence and
the worst case structure (structure from Fig. 3 with 910 nm wide unit cell), non-specular
orders become propagating at operating wavelength λ ≈ 910 nm, which is about 50% above
the designed operational frequency, giving us decent temporal operating bandwidth. On the
other hand, for fixed frequency at the operational wavelength of 1.5µm, we can tolerate an
incidence angle up to about ±40 degrees. This is sufficient for many beam modulation and
16
imaging application using this type of electromagnetic metasurface.
In conclusion, we designed and fabricated low-loss metasurfaces simultaneously providing
resonant electric and magnetic response at optical frequencies via the excitation of dark reso-
nant states in thin dielectric films pattered with non-resonant scatterers. We experimentally
demonstrated and verified the validity of the proposed theoretical concept. Building on the
designs of dark-state-based purely electric resonator and purely magnetic resonators, we can
straightforwardly obtain a hybrid structure – in principle, a patterned thin dielectric slab –
simultaneously providing both the electric and magnetic responses, which can be tailored for
a particular application by adjusting the geometric parameters. Our work indeed provides
a new strategy in designing metasurfaces with controllable electric and magnetic response





Broadband reflectance (R) and transmittance (T ) were measured using Fourier-transform
infrared spectroscopy (FTIR) through an infrared objective with a numerical aperture of
0.45 and a slot size on about 2 mm×2 mm. Transmitted light was collected using a 50x
infrared objective with the same numerical aperture (NA = 0.45) as the objective for incident
light. The reflectance and transmittance spectra were also measured using a FTIR with an
InGaAs detector. The baseline reflectance and transmittance were measured using a gold
mirror and an air column. The absorption (A) is calculated from the measured reflectance
and transmittance as A = 1−R− T . The refractive index of the LPCVD deposited Poly-Si
film and gold was measured using a spectroscopic ellipsometer (Wollam Co. Inc.). Complex
permittivity for both materials is given in the Supporting Information. All susceptibility
calculations are based on the references.
Fabrication
Details about the fabrication of the samples shown in Figs. 4-6 are given in the Supporting
Information. Size of the sample in Fig. 4 is 0.20 mm × 0.20 mm and the samples in Figs. 5
and 6 are 0.25 mm×0.25 mm.
Simulations
Eigenmode simulations and quality factor calculations were carried out using COMSOL Mul-
tiphysics and the scattering simulations were conducted using both COMSOL Multiphysics
and CST Microwave studio. The quality factor was estimated from the eigenmode simula-
tions as the ratio Q ≈ Reω/(2 Imω) of the complex eigenfrequency ω for the dark mode,
and via the line width Q ≈ ω/∆ω for the scattering problem with radiative coupling.
18
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